A direct procedure is proposed for capacity assessment of prestressed concrete containment structures subjected to internal accident loads. The assessment procedure is based on graphical comparison between the structural capacity and the load intensity by plotting both parameters in the same "temperature gradient -overpressure" coordinate system. Furthermore, the capacity in terms of structural integrity and leak tightness is evaluated, corresponding to different limit states or performance levels. A new damage index is proposed in order to correlate the intensity of damages on the containment structure with the load intensity. The criteria for leak tightness and structural integrity are adopted for VVER-1000 containment structure. The ultimate pressure capacity, the failure mode and the capacity corresponding to different performance levels of the containment structure are assessed. The influence of the temperature load on the structure response is also studied. Conclusions are drawn on the VVER-1000 containment vessel overpressure capacity and its response to different design basis and severe accidents. The main failure mode and the critical zones of the structure are also determined.
Introduction
From viewpoint of the physical barriers against release of radioactive substances and in-depth defense concept, the containment shell structure is the most important element. This is due to the fact that in development of all internal accident modes -design and beyond design accidents (particularly severe accidents), the compromising of all different preceding barriers eventually leads to situation when the function of radioactive substances retention must be carried out by the final barrier -the containmenFrom viewpoint of the physical barriers against release of radioactive substances and in-depth defense concept, the containment shell structure is the most important element. This is due to the fact that in development of all internal accident modes -design and beyond design accidents (particularly severe accidents), the compromising of all different preceding barriers eventually leads to situation when the function of radioactive substances retention must be carried out by the final barrier -the containment structure. Therefore, the assessment of the ultimate capacity and maximum retention capacity of the containment structure to the pressure and temperature loads generated inside the hermetic volume is of significant importance for the safety of any nuclear reactor unit.
The current state-of-the-art in assessment of the response of free standing containment structures subjected to internal pressure and temperature loads is based on non-linear analysis with direct application of both loads corresponding to particular accident scenario on the internal surface of the containment walls. The critical parameters of the containment response are traced during the solution until evidences for structural failure are observed. However, in many cases in the practice the containment ultimate capacity cannot be reached from the accident scenarios load parameters, therefore the remaining or ultimate capacity remain unknown, as well as the safety factors for each accident scenario. In addition, the standard assessment procedure requires defined load parameters, i.e. the containment capacity assessment to be performed only upon completion of the thermo-hydraulic analyses and not simultaneously with them. In practice this would restrict the time available for the structural analyses. Furthermore, in the process of conceptual development of new reactor systems, the containment design and verification would not be possible unless/until final analysis is completed of the design and beyond design accident scenarios and the corresponding load conditions are defined.
Instead of using particular set of pressure and temperature loads, the containment capacity can be estimated through series of non-linear static analyses. On every step of the analysis the structure is subjected to constant internal pressure (in the range from zero to the value corresponding to the ultimate pressure capacity). The proposed approach is presented in Section 2.
The Proposed Assessment Approach
The proposed assessment approach is termed as performance based since it tends to evaluate not only the ulti-mate containment capacity, but also the containment capacity which corresponds to different limit states, from structural integrity and leaktightness point of view, i.e. performance levels. Furthermore, the containment capacity and response to particular accident scenario/internal load conditions is assessed through graphical comparison, where the values (for different limit states) are presented in form of capacity envelopes plotted in "temperature gradient -overpressure" domain and compared with the load parameters plotted in the same format. Detailed description of the proposed method, together with discussion of its advantages and disadvantages is presented bellow.
Limit States
The limit states are determined according to the regulatory documents: "European Utility Requirements for LWR Nuclear Power Plants" [3] and "Design of Reactor Containment Systems for Nuclear Power Plants" [4] . Generally, different limit states are defined with respect to structural integrity and leaktightness point of view.
Depending on the stress state and intensity of damages in the containment structure, its response to the different loads could be grouped in four limit states, or levels [3, 4] :
Level I a : Elastic stage. None (or very limited, only in areas of stress concentration) plastic deformations/damages. The structure integrity is ensured with large margin (i.e. normal safety margins).
Level II a : Small plastic deformations. In general, small plastic deformations and damages are permissible. More serious local deformations and damages are also permissible in the areas of stress concentration. The bearing capacity and structure integrity is ensured, although with smaller margin than that of Level I a .
Level III a : Large plastic deformations. In this limit state, considerable plastic deformations occur globally in the structure. Local collapses are also possible. This state is impermissible when design accidents are considered.
Ultimate capacity: Loss of bearing capacity and structure integrity. This limit state corresponds to the maximum bearing capacity of the structure and its basic mechanism of collapse. According to [3] such state is impermissible under any condition, however, analysis of this type is appropriate to be made, in order to get a clear idea of the limit capacity of the structure and the collapse mechanism which governs this capacity.
From viewpoint of capacity of the containment structure to fulfill its leak tightness function, the following limit states could be distinguished [3, 4] : Level I b : Leaktight structure. Radionuclides leakage is below the design values:
Level II b : Limited increase in the leakage rate, whereby the leakage may exceed the design values. In essence, this limit state corresponds to transition from leak tight structure to loss of tightness, with specific mechanism for each considered structure.
Level III b : Large, or very large increase of the leakage rate. Total loss of leaktightness, as result of intensive yielding of the steel liner caused by concrete cross-section degradation. The bearing capacity of the structure may not be exhausted yet.
The limit state criteria are strictly specific for each type of containment structure. Therefore, they cannot be defined as general criteria within the proposed approach. Limit state criteria specific for the VVER 1000 containment structure are defined in Section 3. The acceptance criteria for each limit states are different for the assessment of existing containment structures and for the design of new ones. The acceptance criteria for the VVER 1000 containment structure are defined in Section 3.
Assessment of the Pressure Capacity
The assessment of the pressure levels, which lead to reaching of particular limit state and in the end to structural failure, is straightforward. The containment structure is loaded with monotonically increasing pressure load and the response parameters are traced until the limit state criteria are reached.
Assessment of the Effect of the Temperature Load
The effect of the temperature load on the containment response and capacity is assessed through series of nonlinear static analyses. In each analysis the containment structure is initially subjected to internal pressure with intensity varying between zero and the ultimate pressure capacity. Then monotonically increasing temperature load, presented as triangular temperature gradient, is applied. The response parameters are traced until the limit state criteria are reached. In this way the stress/strain and damage levels corresponding to different pressure loads are used as initial conditions for the temperature capacity assessment.
Building Up "Capacity Envelopes"
The integral containment capacity for each limit state/performance level is presented by means of capacity envelopes, built in "temperature gradient -pressure" domain. Each of the performed non-linear analyses gives as result a combination of temperature gradient and pressure load intensity, which leads to the exhaustion of the capacity for this particular limit state. Using the "temperature gradient -pressure" points obtained in each analysis, capacity envelopes corresponding to each limit state can be constructed.
Building Up "Load Curves"
Irrespectively of the variety of causes of design and beyond design (severe) internal accidents, and variety of physical and chemical processes being developed within the containment, the final impact in the form of load upon the containment structure could be expressed as increase of the containment inner pressure and temperature. The rate of increase and duration of action of the pressure and temperature are strictly specific for each accident scenario, which is therefore presented with pressure-time and temperature-time load functions. The transformation of these load functions into a single load curve in temperature gradient-pressure format, compatible with the format of the capacity envelopes, is crucial element of the proposed assessment method. The internal temperature load produces change in the steady-state temperature distribution through the cross section of the containment wall. The temperature distribution will be highly irregular in the beginning of the accident scenario, with temperature strongly increased in the internal fibers of the cross section. Therefore, the produced temperature gradients will be strongly non-linear in the first hours of the accident scenario and will tend to linearization with in the course of time.. Since the structural capacity is computed using triangular temperature gradients, the non-linear temperature gradients computed at specific time steps of the temperature load should be also converted in triangular ones. This is done by equalizing the areas between the non-linear and the triangular temperature gradient. In doing so, the global load on the containment wall, in terms of axial force and bending moment, produced by the real non-linear and the idealized triangular temperature gradients will be equal, since the stress distribution through the cross section is proportional to the temperature distribution through the cross section. Using the common time axes of the obtained temperature gradient-time and pressure-time load functions, the load curve in "temperature gradient-pressure" format could be easily built.
Assessment of the Containment Response to
Particular Internal Load Conditions The containment response to the load conditions corresponding to particular accident scenario is assessed through direct graphical comparison of the capacity envelopes and the load curves, since they are computed in the same "temperature gradient -pressure" format. If one or more capacity envelopes cover particular load curve, it means that these particular limit states/performance levels are not reached in the investigated accident scenario. If the load curve crosses through some particular capacity envelope, it would mean exhaustion of the capacity for this particular limit state.
Discussion of the Method
The proposed assessment approach has two distinguished elements that make it differ from the standard approaches used for containment capacity assessment:
• The "capacities" corresponding to several limit states/performance levels are assessed, rather that only one level -the ultimate capacity:
• The assessment itself is based on direct graphical procedure, whereby the capacity, presented in the form of capacity envelopes built in temperature gradient-pressure format, is calculated irrespectively of the particular accident load and is compared with the load curve of the analyzed accident scenario transformed in the same temperature gradientpressure format.
One of the main advantages of the proposed assessment technique is that once the capacity envelopes are estimated, as many as necessary accident scenarios that are described by a temperature-pressure load curve can be assessed without performing any additional structural analyses. Furthermore, the method offers clear, graphical comparison between the structural capacity and the load demand and gives opportunity for straightforward estimation of safety factors for each accident scenario, which makes the method suitable for structural evaluation of existing containment structures in probabilistic safety assessments of nuclear power plants. The proposed approach is suitable also for implementation in the design of new NPP unit containments as well as for conceptual studies, since it allows estimation of the containment capacity simultaneously with the development of the accident scenarios and calculation of the load parameters.
Another advantage is that the containment capacity is calculated irrespectively of particular load, i.e. it is a function only of the structural system and the material properties of the containment. Therefore, using parametric studies, families of capacity envelopes for each limit state can be computed varying the important input parameters (the material properties, the prestressing force at the tendons, ageing degradation, initial damages due to other loads as seismic or aircraft crash impact etc.). The containment capacity estimated in this way could be considered constant, therefore the containment response to any new accident scenario, which can be computed during the design life of the containment structure can be performed without additional structural analyses.
Special attention is paid on proper interpretation of the temperature load. In the capacity calculation, the temperature load is applied in the form of temperature gradients with triangular profiles. The real temperature distribution through the containment wall will be highly irregular in the first hours of the accident scenario due to the thermal inertia of the concrete, i.e. the real load will be with non-linear temperature profiles. In order to obtain the load curve in the same "temperature gradient-pressure" format, in which the capacity is estimated, the non-linear temperature profiles are converted to linear (triangular) ones by equalizing the area beneath them. In this way, the overall load effect in term of axial forces and bending moments remains the same, since the stress distribution through the cross section is proportional to the temperature distribution. Such idealization of the temperature load would re- sult in underestimation of the compressive stresses in the internal fibers and overestimation of the tensile stresses in the external fibers of the cross sections, which in the case of containment capacity assessment will lead to conservative results.
3. Capacity Assessment of VVER-1000 Containment Structure
Description of the Structure of VVER-1000 Reactor Building
The reactor building structure of nuclear power unit type VVER 1000 is a space configuration system which could be considered as composed of four main partsfoundation structure, containment vessel structure, auxiliary structures, and inner structure. These four parts are integrated by a solid 2.40 m thick slab of reinforced concrete, on elevation +13.20 m.
The containment shell is a reinforced concrete prestressed structure composed of two parts -cylinder and dome. The containment is entirely separated from the auxiliary structures; it lies on the foundation slab on elevation +13.20 m. The main geometric dimensions of the containment shell are: cylinder of height 44 m, with inner diameter 45.0 m, cylinder wall thickness 1.20 m, dome wall thickness 1.10 m.
The cylindrical part and the dome are connected by a solid ring-shaped beam which serves also as a base for anchoring the prestressing tendons. The prestressing is implemented by a total of 132 tendons whereby 96 of them, arranged helicoidally, are in the cylindrical part, and 36, arranged orthogonally, are in the dome part. Every prestressing tendon is composed of 55 cables with cross section 140 mm 2 each. The tendons are prestressed on both ends with rated force of 1000 tons (9810 kN). On the inner side of the containment shell there is a 8 mm thick steel liner, which ensures the leaktightness.
Numerical Model
The finite element model of the reactor building structure includes all four individual structural systems -containment vessel, foundation structure, auxiliary structures and inner structures. In this way, all possible interactions between the sub-structures are taken into account, and a more realistic picture of the structure behavior under the loads considered is achieved. The model is composed of 56682 nodes and 81766 elements -see Fig. 1 .
Shell finite elements have been used for modeling all sub-structures, except the solid ring-shaped beam, where solid finite elements have been used. Special transition shell elements [1] , have been implemented for the connection of the cylindrical and dome shell elements to the ringshaped beam solid elements, in case to have consistency of the degrees of freedom. In order to increase the solution accuracy, the containment shell is modeled by plane SHELL elements [1] with increased number of integration points in the cross section depth -which is 7. Thus one could analyze the stress and strain distribution as well the concrete damage within the depth of the containment structure wall. The steel liner and the reinforcement are modeled by the REBAR option [1] , as plane disks with cross section of equivalent area. Therefore the total number of integration points in a cross section is twelve, i.e. in addition to the 7 integration points in the concrete core, two integration point has been added for the steel liner (in hoop and vertical direction), and four for the external and internal reinforcement grids. Therefore, strain compatibility is required between the concrete and the rebar "layers." The composition of the finite elements used is shown on Fig. 2 (left upper corner) .
Serious attention is paid to the proper and detailed modeling the tendons. The tendons are modeled on member by member basis, following their exact trajectory, including the irregularities around the openings. The tendon force in each tendon is introduced individually. The anchor settlement and the friction are considered, and this together with the detailed geometry gives individual ten- don force distribution along the length for each single tendon.
Non-linear models of the materials are used; in this way the stiffness of the elements is being continuously modified during the computation process, depending on the deformations accumulated in the structure and the constitutive stress-strains of the materials used. The CONCRETE material model [1] , based generally on the Ottosen model is used for modeling the concrete. The PLASTIC material model [1] which is bi-linear elastic-plastic material, is used for the reinforcement and the liner. The material constitutive laws are shown in Fig. 2. 
Definitions of Loads for Design and Beyond Design Accidents
The loads upon the structure in severe accident conditions are determined within the frames of PSA (Probabilistic Safety Analysis) Level 2 for VVER-1000 Unit. PSA Level 2 is the instrument for analysis of the consequences defined in PSA Level 1 which result in core damage. The PSA Level 2 itself is a composition of instruments, methods and analyses designed to give an image of the events occurring, as well as to allow assessment to be made (quantitative and qualitative) on the accident consequences. For the containment structure the load parameters of interest are the pressure-time and temperature-time load functions, which will be are strictly specific for each accident scenario. The load functions for one such scenario are presented on Fig. 3 -pressure-time function on left side and temperature-time functions at different locations from the containment wall cross section.
Limit States
The limit states used are as defined in Section 2.1.
Limit State Indicators and Limit State Criteria
The limit state indicators are specific for the different types of containment structures. The VVER 1000 containment structure is a prestressed concrete containment. For such structures it is accepted that the exceeding of the ultimate capacity is indicated with tendon rupture, i.e. the tendon strains can be used as indicator. The leak tightness is controlled by the strain state in the steel liner. The structural damages on the lower limit states are in the form of cracks in the concrete. Therefore the level of damage in the cross sections is determined based on damage index (DI), which is the ratio:
between the thickness of the cross section which has endured plastic deformations, and the thickness of the whole cross section. The DI index may have values from 0 to 1, where 0 designates entirely elastic cross section, and 1 designates entirely cracked one. The structure stress state is controlled in 32 cross sections. Four cross sections each have been considered for eight different elevations of the containment structure
The limit state criteria are strictly specific for each type of containment structure. Therefore, in documents [3, 4] specific values are not provided for stress state and damages in the structure, corresponding to the different limit states. It is recommended these values to be determined for each specific case based on the experience accumulated to the moment. For the purpose of the present study, in determining the limit state criteria for bearing capacity and loss of tightness, the following criteria have been assumed: Level I a : Globally, the structure is in elastic stress state.
In the most heavily loaded areas, part of the cross sections may suffer limited damages, but not more than in 10% of the cross section (i.e. DI= 0.1). The reinforcement grids and the tendons are in elastic stress state.
Level II a : Globally in the structure, the damages in the cross sections (cracked and/or crushed) must not exceed 10% of the cross section (up to the external reinforcement grid). The reinforcement grids and the tendons are in elastic stress state.
Level III a : Globally in the structure, the damages in the cross sections (cracked and/or crushed) must not exceed 60% (DI = 0.6) of the cross section. In isolated areas with stress concentration the damages may reach 90% (DI = 0.9) of the cross section. The process may develop up to yielding of the reinforcement, but the tendons must remain in elastic stress state.
Ultimate capacity: Deformation in the tendons reaching more than 1.5%.
From viewpoint of capacity of the containment structure to fulfill its tightness function, the following limit states could be distinguished [3, 4] : Level III b : Deformations in the steel liner exceeding 2%.
The limit state criteria for Level I a , Level I b and for the Ultimate Capacity are straightforward, namely elastic structure, elastic steel liner and limited deformation of the tendons. The selection of appropriate limit state criteria for the remaining four levels, namely Level II a , III a and Level II b , III b depends to great extent on engineering judgment and naturally could be somehow subjective, since detailed experimental results are not available. In the current case the defined criteria are based on the following physical background: DI= 0.1 (Level II a ) corresponds to concrete cracking in 10% of the cross sections, which basically corresponds to the concrete coverage, i.e. the cracks can be considered as non-structural. Moreover, the cracking at this early stage is expected to be on the external side of the cross sections, i.e. it does not affect the liner anchorage. The damages corresponding to Level II a could be considered as repairable from the containment vessel point of view: Level III a is corresponding to DI = 0.6 and to beginning of reinforcement yielding as limit state criteria. This response level divides the structural response in two distinguished parts -up to Level III a the structural response is connected to accumulation of damages, and after Level III a the structure enters into its failure mode. It is assumed that until the reinforcement is in elastic mode, the cracks accumulated in the cross sections produce heavy and non-repairable damages, but do not directly lead to structural failure; Level II b corresponds to transition from leaktight to non-leaktight structure. It is assumed that after the development of significant zone of the steel liner, where the process of yielding is already initiated, the design containment leaktightness cannot be already guaranteed. Similarly, after reaching deformations of 2% in the steel liner, it is assumed that the containment hermeticity is not guaranteed. The limit of 2% could be considered as rather conservative, since it is much bellow the limit of deformation of the steel, but in this way the possible stress and strains concentrations around the liner anchorages, the welds areas, etc., are taken into account.
Acceptance Criteria
The acceptance criteria correlate the load combinations considered with the permissible stress state in the structure. Usually the acceptability criteria are defined by permissible values of stress and/or deformations, safety margin, as well as percentage of the areas with plastic deformations in the cross sections. The acceptance criteria are strictly individual for each considered case and depend first of all on the load combination assumed, and the probability of its occurrence. In reassessment of existing power plants the acceptance criteria are lowered as compared to those for newly designed plants. In document [3, 4] the stress state of load combinations caused by severe accidents is limited to Level II a and Level II b for new design, while in reassessment of existing nuclear plants, the stress state in the containment structure caused by severe accidents may not exceed Level III a and Level II b , as far as this is reasonably achievable.
Containment Pressure Capacity
The containment pressure capacity is assessed through non-linear static analysis with monotonically increasing pressure load. The limit states indicators and criteria defined above are monitored during the model solution. The Damage Index accumulation is controlled in 32 cross sections from the containment vessel -4 cross sections in plan distributed on 8 vertical locations. The results, by means of DI accumulation, for the eight controlled levels (the results from the four controlled cross section per level are averaged) in function of the internal overpressure, are presented in Fig. 4 . The designation "L 13.20" corresponds to level +13.20 m (actually slightly above the base of the containment), similarly for the remaining 4 levels of the cylinder. The designation "R18.0" corresponds to the fragment of the dome with radius of 18 m, similarly for the other two locations.
Based on the results obtained (Fig. 4) , the following conclusions could be made regarding the containment structure behavior:
Stages of stress state in the concrete:
It could be assumed that the structure performs entirely in elastic mode (Level I a up to pressure ∼ 620 kPa above the atmospheric (∼ 1.6 Pd -design pressure), and the first cracks occur in hoop direction (vertical cracks) in the middle part of the cylinder. Thereafter, the structure quickly accumulates plastic deformations due to formation of gradually developing horizontal cracks on the external surface.
At pressure values of about 725 kPa (∼ 1.9 Pd), the structure reaches Level II a At pressure 900 kPa (∼ 2.3 Pd) the structure reaches Level III a .
Stages of stress state in the steel liner:
The steel liner performs entirely in elastic mode until pressure of 910 kPa is reached, then plastic deformations occur in hoop direction in limited areas of the cylinder middle part -elevation +32.40. It could be assumed that the structure leaktightness corresponding to Level I b is ensured up to pressure values of 910 kPa (∼ 2.35 Pd). With further increase of the pressure the plastic deformations are spreading, and at pressure of about 1000 kPa (∼ 2.6 Pd) the area between elevations +20 and +40 m is entirely yielded in hoop direction, and the area of contact with the foundation slab on elevation +13.20 is yielded in vertical direction. The steel liner of the cylindrical part above elevation +40.00 and of the dome does not reach yielding state. In the range of 1000-1050 kPa (2.6-2.70 Pd) the liner deformations in the most heavily loaded areas in the cylinder middle and in the boundary with the base slab reach values of the order of 1.0-1.2%, therefore, a conservative assumption could be made that at pressure values above 1000 kPa (∼ 2.6 Pd) the structure leaktightness cannot be ensured anymore, owing to formation of large areas where the steel liner is plastificated, i.e. Level II b has been reached.
Stages of stress state in the reinforcement:
The behavior of the reinforcement is identical with that of the steel liner, except in so far as the external reinforcement grid along the cylinder boundary contours does not reach yielding state.
Stages of stress state in the prestressing tendons: based on the results related to the controlled cross sections, it could be assumed that the prestressing system performs entirely in elastic mode until pressure of 980-1000 kPa (2.5-2.6 Pd) is reached, when the deformations in the prestressing tendons in the cylinder middle part reach the elasticity limit. With increase of the pressure the deformations in the tendons rapidly increase and at pressure values above 1100 kPa (2.8 Pd) the deformations in the most heavily loaded tendons, in the middle height of the cylindrical part near the main locks, reach 1.5%, therefore, with further increase of the pressure, brake of the tendons and exhaustion of the structure bearing capacity could be expected.
Failure mode and critical zones:
The failure mode is exhaustion of the deformation capacity of the most stressed tendons, produced from the heavy stiffness degradation of the containment wall due to extensive concrete cracking and reinforcement yielding. The most critical zone is the middle height of the cylindrical part, especially in the zones in the vicinity of the main transport locks.
The accuracy of the numerical model and the reliability of its response prediction is an important issue in the nuclear engineering practice. Generally, the numerical model described in Chapter 3.2 is verified for the elastic response under self weight and prestressing load using the existing monitoring systems installed in Units 5 and 6 of Kozloduy NPP. Regarding the response under high pressure loadings, there are no available experimental results, at least to the authors knowledge, for the ultimate capacity and the failure mode of VVER 1000 containment vessel obtained through large scale overpressure test. However, the existing publicly available results of large scale overpressure tests of similar prestressed containments could be used for verification of the results described in this study by analogy. In the early 80s' of the last century a 1/14 scale model of prestressed concrete containment vessel for a CANDU NPP has been loaded up to failure [5] . According to the obtained results, a marked increase of deformation, associated with widespread yielding of the reinforcement, has been observed at pressure level of 760 kPa. Failure occurred at a pressure of 1100 kPa due to the rupture of three hoop tendons and one vertical tendon at mid-height near a buttress. In the recent years an extensive research program on the prestressed concrete containment capacity (International Standard Problem 48), have been launched by OECD/NEA/CSNI [6] . The program included large scale test of 1/4 scale model of prestressed concrete containment vessel of the Unit 3 of Ohi NPP in Japan performed in 2001 in Sandia National Laboratories (USA) and analytical predictions. According to the obtained experimental results, first concrete cracking has been observed at pressure range of 590-780 kPa; liner yielding has been firstly observed at pressure of 1100 kPa; tendon yielding has been observed at pressure of 1170 kPa. The containment failure occurred at pressure of 1400 kPa with the failure due to extensive hoop deformations in the middle section of the cylindrical part of the containment. The numerical prediction for the response of VVER 1000 type containment presented in this study is consistent with the experimental results for other but yet similar types of containment vessels, both as failure mode prediction and pressure levels. It should be stressed that the current ultimate capacity assessment is based on conservative assumptions of 1.5% deformation limit for the tendons, and in reality it could be higher than the predicted capacity of 1100 kPa overpressure.
Influence of the Temperature Load
In order to determine the effect of the temperature impact, a series of non-linear static analyses have been conducted, whereby, for different constant values of the pressure, with monotonously increasing temperature gradient, the development of the damages in the structure has been observed, until the moment of leaktightness and bearing capacity failure. The results obtained are summarized in Table 1 .
Temperature gradients up to 200 • C are considered, since higher temperature loads are not expected even in case of severe accidents. Therefore, modification of the concrete and the steel stress-strain curves to account for strength degradation caused by temperature is not necessary.
The temperature load produces compressive stresses in the internal fibers of the cross sections and tensile stresses in the external fibers. Therefore, as seen from Table 1 , the temperature load leads to increased levels of concrete cracking for the same pressure levels, i.e. Levels I a to III a are reached for lower pressure levels. However, the leaktightness capacity and the ultimate structural capacity are not negatively affected by temperature load up to 200 • C. According to the numerical results the pressure corresponding to the leaktightness capacity, slightly increases with the increase of the temperature load since the compressive stresses in the liner caused by temperature load Table 1 . Limit states and structural response due to combination of pressure and temperature load. counteract the pressure produced tensile stresses. However, conservatively and for simplification of the assessment, the pressure corresponding to the leaktightness capacity is assumed to be constant.
Integral Assessment of the Capacity and the
Response to Particular Load Conditions The obtained results allow for integral assessment to be made on the structure capacity as function of the containment inner pressure and temperature gradient, whereby the capacity is presented in graphic form as capacity envelopes in a coordinate system "temperature gradientpressure." The structure response on the impact of specific accident scenario is assessed by graphic comparison of the capacity and load parameters, plotted in one and the same scale -see Fig. 5 . For the purpose, the load parameters from pressure-time and temperature-time load functions (Fig. 3) are converted to "temperature gradientpressure format." Generally, the temperature gradients of the load curves plotted on Fig. 5 correspond to much higher absolute temperature difference between the internal and external surface of the containment wall.
According to the performed assessment the design basis accident load curve is fully enveloped from the Level I a capacity envelope, i.e. the containment response is entirely elastic. The load curve of Scenario B-3 (the most severe scenario) intersect the capacities of Level I a , Level II a and Level III a , respectively in the 3rd, 15th and 35th hour from its beginning. The leaktightness capacity and the ultimate containment capacity are guaranteed even for this most severe scenario, the safety factor is ∼ 1.14 for Level I b and ∼ 1.25 for Level II b and ∼ 1.4 for the ultimate capacity level, thereby fulfilling the acceptance criteria for existing reactor buildings under severe accident load conditions.
Conclusions
Based on the results of the presented work, the following findings and conclusions could be made: Fig. 5 . Graphical comparison between the structural capacity (corresponding to different limit states) and particular load acting on the structure. 5 The principal failure mode is vertically propagating crack opening due to excessive hoop strains and exhaustion of the tendons deformation capacity in the critical zone at the middle height of the cylinder near to the main transport gate.
6 The suggested approach has been successfully applied in the study of the capacity of the containment structures of VVER-1000 reactor power units of Kozloduy NPP Units 5 and 6. The calculated containment capacity fulfill the acceptance criteria for existing containment vessels under severe accident loadings.
7 The suggested approach can be applied for assessment of the capacity of other kind of concrete containments with similar structural topology (dry prestressed concrete containments) as well. The suggested approach can be used for assessment of containment response to severe accidents during the design process of new containment structures as well for conceptual studies.
